We used foraging trays to determine whether oldfield mice, Peromyscus polionotus, altered foraging in response to direct cues of predation risk (urine of native and nonnative predators) and indirect cues of predation risk (foraging microhabitat, precipitation, and moon illumination). The proportion of seeds remaining in each tray (a measure of the giving-up density [GUD]) was used to measure risk perceived by mice. Mice did not alter their GUD when presented with cues of native predators (bobcats, Lynx rufus, and red foxes, Vulpes vulpes), recently introduced predators (coyotes, Canis latrans), nonnative predators (ocelots, Leopardus pardalis), a native herbivore (white-tailed deer, Odocoileus virginianus), or a water control. Rather, GUD was related to microhabitat: rodents removed more seeds from foraging trays sheltered beneath vegetative cover compared with exposed trays outside of cover. Rodents also removed more seeds during nights with precipitation and when moon illumination was low. Our results suggest that P. polionotus used indirect cues rather than direct cues to assess risk of vertebrate predation. Indirect cues may be more reliable than are direct scent cues for estimating risk from multiple vertebrate predators that present the most risk in open environments.
A ntipredator behavior can affect the fitness of individuals (Curio, 1993; Lima, 1998a,b; Lima and Dill, 1990 ) and the dynamics of populations (Brown et al., 1999; Lima, 1998a) . Although evidence suggests that prey can detect cues of different predators and respond accordingly (see Curio, 1993; Kats and Dill, 1997; Kotler et al., 1991; Lima, 1998b) , little is known about whether predator-specific risk assessment and response are common among prey, or if prey use simpler ''rules of thumb'' to avoid risk (Bouskila and Blumstein, 1992) . Understanding how prey assess and respond to risk may provide insight into how predation risk affects the structure of ecological communities (Brown et al., 1999; Kotler, 1984; Schmitz et al., 1997) , including decimation of prey by introduced predators (Williamson, 1996) and the reintroduction of rare species Griffin et al., 2000) .
Rodents are prey for avian, reptilian, and mammalian predators. Evidence suggests that rodents alter their foraging in risky situations. For example, rodents preferentially forage in sheltered microhabitats (often under vegetative cover), where the risk of avian predation is lower (see Kotler et al., 1991) . Foraging may be greater when precipitation or lack of moonlight reduces the ability of vertebrate predators to detect and capture rodents (King, 1968; Kotler et al., 1991) . Rodents may also avoid forest edges, where vertebrate predation risk is greater (Morris and Davidson, 2000) , or forage more intensively close to refuges and escape routes (Brown and Morgan, 1995; Thorson et al., 1998) . The robustness of this pattern suggests that mice alter their foraging in different microhabitats by using indirect cues (dangerous microhabitats) rather than direct cues (a cue produced by the predator, such as urine or sound). As such, mice may use a simple rule of thumb to moderate antipredator behavior: avoid dangerous places.
However, whether a place is dangerous may depend upon the presence of a particular predator. Foraging by oldfield mice, Peromyscus polionotus, was reduced in experimental patches where bobcat (Lynx rufus) urine was added compared with patches with no urine addition (Brinkerhoff RJ, unpublished data) . Rodents are at risk of avian predation in exposed microhabitats but are more susceptible to predation by snakes in sheltered microhabitats (Bouskila, 1995; Kotler et al., 1991; Kotler et al., 1993) . At least one species of desert rodent can discriminate among avian predators and alters its behavior accordingly (Kotler et al., 1991) . Similarly, fox squirrels (Sciurus niger) and 13-lined ground squirrels (Spermophilus tridecemlineatus) alter foraging in the presence of a plastic owl model but not in the presence of red fox (Vulpes vulpes) urine (Thorson et al., 1998) . Rodents may respond to predator urine in a general fashion, using sulfur compounds as an indicator of the amount of meat in a predator's diet (Nolte et al., 1994) . Alternatively, rodents may exhibit predator-specific responses, behaving differently in the presence of odors from different terrestrial predators (Jedrzejewski et al., 1993) .
Our first objective was to examine the importance of indirect cues of predation risk (e.g., exposed or sheltered microhabitats) compared with direct cues (predator urine). Our second objective was to examine whether rodents recognize specific terrestrial predator types (e.g., discriminating between bobcats and red foxes), which would be advantageous if predators differ in their impact on rodent fitness. In addition to using urine of native predators, we also tested urine of predators that have recently (within 30 years) become sympatric with rodents and those that have never been sympatric with rodents.
Prey may respond to predation risk by exhibiting a shortterm reduction in foraging that can only be sustained for a short time before other constraints (e.g., hunger) make it necessary to resume foraging activity (Lima and Bednekoff, 1999) . As such, short-lived field studies that manipulate risk may overestimate the perception of risk by prey and may not be indicative of prey responses over more reasonable time spans, in which prey must balance predation risk with other activities (e.g., food and mate acquisition; Lima and Bednekoff, 1999) . To examine this possibility, our third objective was to determine if mice became less responsive to our experimentally manipulated predator cues as the experiment progressed. If so, this should be evident as a significant time and a significant predator cue effect if mice respond to all predator cues, or a significant time by predator cue interaction if mice respond to some predator cues.
METHODS

Study location and study species
Our study was conducted from 19 May-24 July 2001 in an earlysuccessional field at the Savannah River Site, a National Environmental Research Park (NERP) near Aiken, South Carolina. The field was planted with Longleaf Pine (Pinus palustris) in 1998 and also contained early-successional plants such as pokeweed (Phytolacca americana), partridge pea (Chamaecrista fasciculata), Lespedeza spp., and blackberry (Rubus spp.). The study area represents high-quality habitat for the oldfield mouse, P. polionotus (Cothran et al., 1991) . P. polionotus has a limited geographic range that extends along coastal regions from Florida north to central South Carolina, and west to portions of Alabama (Hall, 1981; King, 1968) .
Historically, the range of P. polionotus has overlapped with that of bobcats, L. rufus, and red foxes, V. vulpes (King, 1968; Larivière and Pasitschniak-Arts, 1996; Larivière and Walton, 1997) . Coyotes, C. latrans, recently expanded their geographic range and were first documented at our study area in 1989 (Cothran et al., 1991) . Ocelots, Leopardus pardalis, are predators that have never been present in the study area (Hall, 1981) .
All of these predators are known to prey upon mice, although rodents are more frequent in the diet of V. vulpes compared with L. rufus and C. latrans, which both prey more frequently upon rabbits and larger rodents (Bekoff, 1977; Larivière and Pasitschniak-Arts, 1996; Larivière and Walton, 1997; Major and Sherburne, 1987) . Based upon predator diet, if P. polionotus can discriminate among cues of all predator types, foraging activity should be ranked (from least to greatest): V. vulpes , L. rufus L. pardalis , C. latrans. However, V. vulpes may not be locally abundant in the study area, whereas C. latrans populations are probably still rising (Weston, 2002) . Because local density and activity of predators are not known and predator efficiency and diet are unlikely to be constant in time, our prediction is necessarily subjective.
Experimental design
We used predator urine as a cue to suggest the presence of each predator type. Olfactory predator cues are known to affect the behavior of a variety of organisms (Kats and Dill, 1997) , including P. polionotus (Brinkerhoff RJ, unpublished data), Peromyscus spp. (Nolte et al., 1994) , and other rodents (see Jedrzejewski et al., 1993; Kats and Dill, 1997; Sullivan et al., 1988; Swihart, 1991) . In addition to four types of predator urine, urine of white-tailed deer, Odocoileus virginianus, was used as a urine control, and water was used as a nonurine control. We obtained C. latrans, V. vulpes, L. rufus, and O. virginianus urine from commercial suppliers (Buckeye Scent Company and Leg Up Enterprises). Urine of L. pardalis was obtained from an adult male ocelot housed at Wildlife on Easy Street.
To measure the risk perceived by P. polionotus while foraging, we used foraging trays with a known amount of seeds thoroughly mixed with a homogenous substrate (sand). As a foraging rodent depletes the seeds, diminishing returns are realized (Brown, 1988; Morris and Davidson, 2000) . At some point the benefits of continued foraging are outweighed by the costs, including the risk of predation (Brown, 1988) . This threshold, called the giving-up density (GUD; Brown, 1988) represents a quantitative measure of perceived predation risk if everything else experienced by the forager among treatments can be assumed to be equal (Brown, 1988) and has been used to quantify predation risk experienced by rodents (see Bouskila, 1995; Herman and Valone, 2000; Kotler et al., 1991; Morris and Davidson, 2000; Thorson et al., 1998) .
Within the old field, we established nine sites, each consisting of two foraging trays located in a different microhabitat. One tray was sheltered, positioned under vegetative cover (e.g., a shrub or small tree). The corresponding tray was exposed, placed outside of cover, less than 1 m away. Each tray was a 27 3 27 3 11-cm plastic storage container filled with 1 l of sand. A 2.5-cm-diameter hole was drilled in each of two adjacent sides. A constant volume of millet seeds representing 2.62 g 6 0.08 SE (N ¼ 40 samples) was added to each tray. GUD was determined by weighing remaining seeds after removal of seed hulls and debris and is expressed as the proportion of seeds remaining. Seeds were dried for 5 h at 60 C before weighing.
At each site, we applied 12 drops of one of six treatments (water or urine of L. rufus, L. pardalis, C. latrans, V. vulpes, or O. virginianus) each day by using a scent dispenser attached to a wire pin flag 4-5 cm from the openings of each seed tray in each microhabitat (sheltered and exposed). Scent dispensers consisted of a cotton ball within a plastic film can with V-shaped slots cut into two sides to allow airflow. Each day, we visited all trays and recorded signs of foraging activity (e.g., fecal pellets, tracks, seed hulls). Seeds were sieved from each tray, and the tray was charged with new seeds, which were thoroughly mixed into the sand. Old scent dispensers were removed and replaced with new scent dispensers, with a different scent as dictated by the treatment design.
At least 3 days before beginning urine treatments, trays were established and rodents allowed to forage in treatment-free trays to become acclimated (Morris and Davidson, 2000) . A complete round of treatments was applied to six sites (12 trays) from 19-24 May 2001. We added three more sites to the experiment and applied treatments at all trays from 12-24 July 2001. Between the two rounds of the experiment, we monitored trays each day but applied no scent treatments.
Data analysis
Our design represents a split-plot design (Littell et al., 1996) . Our data were slightly unbalanced because sites were removed from the study if foraging activity ceased or trays became occupied by fire ants, Solenopsis spp. (mean number of complete rounds of urine treatments per site was 2.4 6 0.3 SE). The large experimental unit was the site, where different treatments were applied to each site each day in a Latin square design. Our design blocks for temporal variation owing to day, as well as for repeated measures taken on each site (a cross-over design; Littell et al., 1996) . The smaller experimental unit was the foraging trays themselves. At each site, one tray was positioned under cover, and the corresponding tray was not under cover. Moonlight (proportion of the moon illuminated) was quantified each day with data from the US Naval Observatory in Washington, DC, and the number of days that the experiment had been conducted at a site was measured as a covariate for each site. Days were also classified by the occurrence of precipitation during nighttime hours at a rain station 1.5 km from our study site.
Our mixed-model ANOVA (Littell et al., 1996) specified time and site as random effects, predator scent and tray location (covered or exposed) as fixed effects, precipitation as a fixed effect, and moon illumination as a covariate. The number of days urine treatments had been run at a tray was a covariate in our model to determine if risk-aversion decreased with time (Lima and Bednekoff, 1999) . If a significant urine treatment effect was found, we compared all treatments in a pairwise fashion, using the Tukey-Kramer adjustment for multiple comparisons (SAS, 2000) .
We performed retrospective power analysis if we found no significant difference among treatments for the main fixed effects in our model to determine the effect sizes detectable by our design (Thomas, 1997) . We calculated the noncentrality parameter for each effect by using the method and formulae of Stroup (2002) , and we used the observed variance from our mixed-model analysis (Thomas, 1997) . We use a two-tailed type I error rate (alpha) of 0.05 for calculating power.
We performed our analyses using SAS Proc Mixed (SAS, 2000) . The Satterthwaite method (Littell et al., 1996) was used to generate the approximate denominator degrees of freedom owing to the slightly unbalanced nature of our data. We evaluated two-and three-way interactions and did not consider them for inclusion in the final model unless they were marginally significant (p , .15; Littell et al., 1996) .
RESULTS
We examined 254 foraging observations taken from nine sites over 19 days. Foraging activity was evident in 237 (93%) of the observations and was independent of predator cue (v 2 ¼ 1.06, 5 df, p ¼ .96). Seed removal by P. polionotus did not change in response to vertebrate predator cues (F 5,97.4 ¼ 0.69, p ¼ .63) (Figure 1 ). Rather, P. polionotus altered foraging based on microhabitat characteristics: rodents removed an average of 64% of seeds in covered trays compared with 55% of seeds in exposed trays (F 1,124 ¼ 23.10, p , .01) (Figure 1 ). Rodents removed an average of 67% of seeds on nights with precipitation compared with 52% of seeds on nights without precipitation (F 1,15.8 ¼ 12.99, p , .01) (Figure 1) . GUD increased as the proportion of the moon illuminated increased (F 1,17.7 ¼ 11.33, p , .01; coefficient ¼ 0.23 6 0.07 SE). The duration of treatments at a site did not influence GUD (F 1,27.8 ¼ .43, p ¼ .50). There were no significant interactions (all p values . .20).
We estimated the effect size our study could have detected if the response to urine only occurred to L. rufus, namely, as if all other treatments were equal. We use this approach because other research using L. rufus urine detected a reduction of seed removal by P. polionotus (Brinkerhoff RJ, unpublished data), suggesting that P. polionotus was capable of detecting and responding to at least one of the urines we used. This approach is conservative because power increases if a reduction in seed removal of the same magnitude occurs in response to more than one urine type (Quinn and Keough, 2002) . Based upon our sample sizes, we were able to detect a 45% change in foraging with 80% power. This is well below the effect of L. rufus urine found in our other work (foraging was 81% greater when L. rufus urine was not present, paired t test, t ¼ 4.62, 2 df, p ¼ .04; Brinkerhoff RJ, unpublished data).
To be sure that only P. polionotus was foraging in the trays, we sampled our study area using Sherman Live Traps (Sherman Traps). The first trapping session occurred from 15-18 May, and the second session occurred from 8-14 August. P. polionotus was the only species captured during these sessions; 13 individuals were captured during 360 trap-nights of sampling.
DISCUSSION
Rather than respond to direct predator-related cues, seed removal by P. polionotus differed in response to indirect cues of predation risk: moon illumination, precipitation, and whether a foraging area was in an exposed or sheltered microhabitat. These cues are likely to be effective because they convey consistent information about risk from multiple predators. For example, many of the predators at our study sites forage in exposed habitats: owls, foxes, bobcats, and coyotes can all be evaded if a rodent is close enough to cover. Thus, indirect cues may be useful integrators of multiple risks; namely, distance Figure 1 The mean proportion of seeds (6SE) left in foraging trays by Peromyscus polionotus from 19 May-24 July 2002 at the Savannah River Site. (a) There was no significant difference in the proportion of seeds removed in response to the scent of native predators (B indicates bobcats; F, foxes), recently introduced predators (C, coyotes), nonnative predators (O, ocelots), a native herbivore (D, white-tailed deer), and a control (W, water). (b) P. polionotus removed significantly more seeds (p , .01) from trays located in microhabitats sheltered beneath vegetative cover (sheltered) rather than adjacent trays less than 1 m away in microhabitats that were not under cover (exposed). (c) More seeds (p , .01) were removed from trays during nights with precipitation compared with nights when no precipitation occurred.
from cover may provide more information about more predators than does the scent cue of a particular predator. Although there was no trend between foraging activity and the duration of the experiment, we cannot evaluate whether risk tolerance increased with the duration of the experiment because P. polionotus did not respond to the risk we directly manipulated; namely, there was no significant effect of time and predator scent, and no significant predator scent by time interaction.
There are three potential explanations for the lack of an observed change in GUD in the presence of predator urine. First, P. polionotus may have been unable to discriminate among the scents used in the present study, either because P. polionotus is incapable of discriminating among scents of predators, deer, and water, or because the scents we used were not representative of the scents of predators and thus elicited no response. There is ample evidence from laboratory and controlled field settings that rodents can discriminate among predator scents (see Herman and Valone, 2000; Jedrzejewski et al., 1993; Kats and Dill, 1997; Parsons and Bondrup-Nielsen, 1996) , including L. rufus (Swihart, 1991) , V. vulpes (Dickman, 1992; Rosell, 2001; Sullivan et al., 1988) , and C. latrans (Nolte et al., 1994) . Moreover, in another study, we found that P. polionotus removed fewer seeds in experimental landscapes where L. rufus urine was applied over a 2-week period (Brinkerhoff RJ, unpublished data). It is also likely that the urine we used was capable of eliciting a response because predator urine was obtained from animals fed a meat-rich diet, and the sulfur-rich compounds present in the urine of carnivorous animals are generally aversive to rodents (Nolte et al., 1994) .
A second explanation for the lack of change in GUD in the presence of predator urine is that our analysis lacked the statistical power necessary to detect a biologically meaningful effect size. Our retrospective power analysis suggests that our study had 80% power to detect 45% change in seed removal in response to just one of the six treatments. This change is much smaller than the 81% effect size we noted when P. polionotus was exposed to L. rufus urine in another experiment (Brinkerhoff RJ, unpublished data). As such, it is not likely that lack of power is responsible for the lack of a urine treatment effect we observed.
A third explanation for the lack of change in GUD in the presence of predator urine is that P. polionotus may be able to discriminate among predator scents, but chooses not to alter its foraging behavior. Under this scenario, discrimination is possible, but the payoff of discrimination (the usefulness of the information provided by the cue) may be outweighed by opportunities missed during the act of discrimination (missedopportunity costs ; Brown, 1988) . Because discrimination among predator scents is not likely to cost much in terms of time (Jedrzejewski et al., 1993) , it seems most likely that predator urine provides low-quality information under the field conditions of our study. This interpretation is in agreement with other evidence that indirect cues are more often used than are scent-based direct cues (Thorson et al., 1998) , evidence that responses to direct cues are weak or transient (Herman and Valone, 2000; Parsons and Bondrup-Nielsen, 1996) , and studies that support the importance of microhabitat, illumination, and precipitation (see Bowers et al., 1993; King 1968; Kotler et al., 1991; Morris and Davidson, 2000; Thorson et al., 1998; Wolfe and Summerlin, 1989) . In addition to reducing predation risk, precipitation may also decrease foraging costs by increasing humidity, making seeds easier for mice to locate (Vander Wall, 1995) .
Our findings suggest that the amount of information conveyed by a cue may be dependent upon its cost relative to the quantity and quality of information already at hand (Brown et al., 1999) . For example, costs of reproduction may explain why adult male bank voles respond to predator odors but breeding females do not (Jedrzejewski and Jedrzejewska, 1990) . Seasonal shifts in the effectiveness of predator urine cues (Herman and Valone, 2000) provide more support that the relative importance of direct and indirect cues is context dependent. Other considerations, such as predator density, foraging duration, spatial distribution, and whether the presence of one predator type facilitates capture by another predator type, could also affect the relative importance of direct versus indirect cues (Brown et al., 1999) . Direct cues may become more important as evidence of predator presence increases (Brown et al., 1999) , presumably because continued presence of scent is indicative of a resident, rather than transient, predator. For example, R.J. Brinkerhoff (unpublished data) found that P. polionotus did reduce foraging activity in the presence of L. rufus urine, but urine was presented for a longer duration than in the present study (2 weeks). It is unclear how this may have impacted our results, because a predator scent was present at each foraging station during 67% of the treatments (four of the six treatments were predator urine), and treatments were applied for 1-and 2-week periods, but the type of urine was changed each day of the study. Future work that examines the importance of cue duration and consistency would be a profitable next step in dissecting the relationship between direct and indirect cues.
In conclusion, our work suggests that indirect cues may be more useful than are direct cues for rodents that are consumed by a variety of predators, probably because indirect cues provide reliable, easily assessed information regarding the risk from multiple predator types . From a conservation perspective, this suggests that native prey may not be affected by nonnative predators if the prey rely upon indirect cues of risk that are effective against many predator types. Our findings suggest that the effectiveness of using predator scents to deter damage by rodents (Rosell, 2001; Sullivan et al., 1988) may depend upon the ecological circumstances under which the predator scent is applied (Swihart, 1991) . From an ecological perspective, our work suggests that differences in rodent foraging behavior caused by indirect cues of predation risk may reduce the impact of rodent granivores on seed banks in exposed risky environments, and may affect the structure and composition of rodent communities (Kotler, 1984) .
